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Abstract:
Charge asymmetries in diractive electroproduction of two mesons are proportional to
the interference of Pomeron and Odderon exchange amplitudes. We calculate in the
framework of QCD and in the Born approximation a forward-backward charge asymmetry
which turns out to be sizable in a kinematical domain accessible to HERA experiments.
We predict a distinctive dependence of this asymmetry on the invariant mass of the two
pions. Testing this prediction is a crucial step in the discovery of the QCD-Odderon.
1Unite´ mixte C7644 du CNRS.
1. Pomeron and Odderon exchanges are the theoretically dominant contributions
to hadronic cross sections at high energy. They appear on an equal footing in the QCD
description of hadronic reactions, and in the lowest order approximation they correspond
to colour singlet exchanges in the t-channel with two and three gluons, respectively.
The relevance of the Odderon exchange for hadronic reactions was emphasized long
ago [1]. In perturbative QCD the Odderon is described by the Bartels-Kwiecinski-
Praszalowicz (BKP) equation [2]. In spite of many attempts to solve the BKP equation,
its solutions are still known only partially [3], [4], [5]. This appears to be in a strong
contrast with the QCD description of the Pomeron, where solutions of the leading order
Balitsky-Fadin-Kuraev-Lipatov (BFKL) equation are well known [6].
The Odderon remains a mistery also from an experimental point of view. Its eects
were studied in diractive c-meson photoproduction. It turned out that the QCD pre-
diction for the cross section is rather small [7, 8]. The inclusion of evolution following
from the BKP equation [9] leads to an increase of the predicted cross section for this
process by one order of magnitude. Recent experimental studies at HERA of exclusive
0 photoproduction [10] also indicate a very small cross section for this process, in dis-
agreement with theoretical predictions based on the stochastic vacuum model [11]. On
the other hand the available data on elastic pp and pp scattering in the dip region are well
described by taking into account the Odderon contribution modelled within the currently
existing models [12].
In all these processes the scattering amplitude describing Odderon exchange enters
quadratically. In [13] it was suggested to study Odderon eects at the amplitude level
by means of the asymmetries in open charm production. Since the nal state quark-
antiquark pair has no denite charge parity both Pomeron and Odderon exchanges con-
tribute to this process. The Odderon amplitude enters linearly in the asymmetries and
therefore one can hope that Odderon eects can show up more easily. Moreover, the
apparent absence of the Odderon contribution to scalar meson photoproduction [10] calls
for studies of Odderon contributions in perturbatively calculable processes, such as elec-
troproduction.
In this paper, we propose to take advantage of a number of interesting features of
the two pion diractive electroproduction process to search for the QCD-Odderon at the
amplitude level. Here again the two pion state doesn’t have any denite charge parity and
both Pomeron and Odderon exchanges contribute. As in Ref. [14], we suggest to study
the charge asymmetry in soft photoproduction of two pions to select the interference of
the two amplitudes. Our work shares a number of features with this work. The originality
of our studies is to work in a perturbative QCD framework which enables us to derive
well founded predictions in an accessible kinematical domain.
The aim of the present paper is to study the charge asymmetries in the reaction
e−(pe) p(pN) ! e−(p0e) +(p+) −(p−) p0(p0N) (1)
within perturbative QCD, see Fig. 1. This includes the description of the two pion



















Figure 1: Kinematics of the electroproduction of two pions
wave functions of the two pion system. Contrary to, say, -meson wave functions, they
do not require the selection of a particular charge parity and so are ideally suited for
studies of the Pomeron-Odderon interference. In order to justify the use of perturbation
theory for this process we consider the electroproduction of this system in which the hard
scale is supplied by the squared mass −Q2 of the virtual photon, Q2 being of the order
of a few GeV2.
We intend to study the dominant, twist two contribution to the asymmetries. It cor-
responds to considering the amplitudes with only the "longitudinal part" of the two pion
wave function, which is a straightforward generalization of the longitudinal polarization
of vector meson. The longitudinal polarization vector is enhanced by a Lorentz boost,
together with the cross-section of longitudinally polarized pion pair production. Due to s-
channel helicity conservation, which is a good approximation for diractive processes, the
leading twist distribution amplitude of the pion pair selects the longitudinal polarization
of the virtual photon.
Since the transverse polarization of the pion pair is the only source of the amplitude
dependence on the azimuthal angle of the pions in their c.m. frame, the amplitudes
and cross sections are independent of this angle in our approximation. As a result, the
transverse charge asymmetry, resulting from the distribution in this angle and discussed
in [14], is zero. Due to that restriction, we only study the forward-backward charge
asymmetry.
In the present study we calculate the lowest perturbative order contribution to the
charge asymmetry, i.e. without taking into account the evolution following from the
BFKL or the BKP equation. Our results should be therefore treated as an estimate of
the asymmetries. The above mentioned evolutions can be included into the scattering
amplitudes in a similar way as in Ref. [9].
2. The basic object necessary to calculate the charge asymmetry is the scattering
2
Figure 2: Feynman diagrams describing pi+pi− electroproduction in the Born approximation
amplitude for the process with a longitudinal virtual photon
γL(q) p(pN ) ! +(p+) −(p−) p0(pN 0) : (2)
We introduce a Sudakov representation with the Sudakov momenta p1; p2 obeying the
equation s = 2p1  p2, where s is related to the total energy squared of the virtual photon
- proton system, Q2 and the proton target mass M as
(q + pN)
2 = s−Q2 + M2  s ;
we get for the virtual photon momentum :

















2? = −~p22 : (4)
The quark (l1) and antiquark (l2) momenta inside the loop before forming two pion
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p2 + (−l? + z p2 ?) (6)
where 2~l is the relative transverse momentum of the quarks forming the two pion system
and z = 1 − z, up to small corrections of the order ~p22=s. The collinear approximation
of the factorization procedure of the description of the two pion formation through the
generalized distribution amplitude leads to the vector ~l = ~0 in the hard amplitude.
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where 2~p is now the relative transverse momentum of the produced pions,  = p2p+
p2p2pi is the
fraction of the longitudinal momentum p2 carried by the produced 
+, and  = 1 −  .
The variable  is related to the polar decay angle  dened in the rest frame of the pion
pair by







Since the "longitudinal part" of the two pion wave function depends only on the angle
 and doesn’t depend on the azymuthal decay angle  (in the same rest frame of the
pair) we focus on the calculation of forward-backward asymmetries expressed in terms of
 (see below).







The squared momentum transfer t = r2 (r = p2 − q) can be written as





3. It is well known (see e.g. [8] and references therein) that for large values of s and
small momentum transfer t the scattering amplitudes can be represented as convolutions
over the two-dimensional transverse momenta of the t-channel gluons.
For the Pomeron exchange, which corresponds in the Born approximation to the
exchange of two gluons in a colour singlet state, the impact representation has the form:














~k1; ~k2) and J
N!N 0
P (
~k1; ~k2) are the impact factors for transition
γ ! + − via Pomeron exchange and of the nucleon in initial state N into the nucleon
in the nal state N 0.
The corresponding representation for the Odderon exchange, i.e. the exchange of
three gluons in a colour singlet state, is given by the formula



















~k1; ~k2; ~k3) and J
N!N 0
O (
~k1; ~k2; ~k2) are the impact factors for the transition
γ ! + − via Odderon exchange and of the nucleon in initial state N into the nucleon
in the nal state N 0.
4
The impact factors are calculated by the standard methods, see e.g. Ref. [16] and
references therein. An important aspect of the present study is the inclusion of an
appropriate two pion distribution amplitude which we now discuss.
4. The two-pion generalized distribution amplitude (GDA) [15, 17] contains the
full strong interactions between the two pions. So far no experimental information exists
on the two-pion GDA. Watson’s theorem imposes that the dynamical phases of the two-
pion GDA are identical to the phase shifts in elastic  scattering as long as m2 is
below the inelastic threshold. This relation may be used as an input for a model GDA in
the m2-region up to 1 GeV. For higher values of m2 we assume that the phase is still
approximately equal to the  phase shift. The Odderon exchange process involves the
production of a pion pair in the C-even channel which corresponds to even isospin. In the
numerical studies we will use a simple ansatz [18] for the isosinglet distribution amplitude
I=0(z; ; m22), in a slightly enlarged m2 range. We only consider the contributions from
u- and d-quarks, i.e. we take nf = 2.
A crucial point is the choice of the parametrization of the phases in the GDA’s. Let us
discuss rst the isosinglet s− and d−wave phase shifts, 0 and 2. Through interference
eects, the rapid variation of a phase shift leads to a characteristic m2-dependence of
the asymmetry. We use




ei0(m2pi) jBWf0(m22)j+ 2 ei2(m2pi) jBWf2(m22)j P2(cos )
]
; (14)
with R = 0:5 and  given by Eq. (9). In our studies we x the shapes of the phase






m2f0 −m22 − imf0Γf0





m2f2 −m22 − imf2Γf2
; mf2 = 1275 MeV ; Γf2 = 186 MeV : (16)
To take into account of the uncertainty in the f0 width, we will present results for the
two extreme allowed values.
The Pomeron exchange process involves the production of a pion pair in the C-odd
channel. Its amplitude can be fully computed for values of m2 where the timelike
electromagnetic pion form factor F(m
2
2) is known. The modulus of F has been well
measured in the process e+e− ! +−. By Watson’s theorem its phase is equal to the
p-wave phase shift 1, provided that m2 is in the range where  scattering is elastic.
This is rather well satised for values of m2 up to 1 GeV. We assume that for m2 up
to 1.5 GeV we can still use the phase shifts from  elastic scattering as the phase of the
distribution amplitude. In our numerical studies we take a F-parameterization inspired
by the N = 1 model of Ref. [20]
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(m22 − 4 m2)3=2
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m2! −m22 − im!Γ!
; m! = 782 MeV ; Γ! = 8:5 MeV : (20)
The parametrization of the pion form-factor given by Eq. (18) leads to a reasonable
description of the data on the square of the pion form-factor, see [20]. It describes also
satisfactorily the p-wave phase shift in the region of 2 invariant mass smaller than 1:5
GeV. Above 1 GeV the phase shift given by the original parametrization of Ref. [20]
strongly overestimates the data points presented in [19], due to a problematic 0(1370)−
contribution. Since a correct treatment of phases is crucial for our predictions, we do not
include any 0− contribution.
5. After choosing the two pion distribution amplitude, the calculation of the
necessary impact factors is straightforward. Skipping unessential details, let us now
present the nal results. For the longitudinal polarization of virtual photon γL we obtain
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where ~k1 + ~k2 = ~p2 and 
2 = m2q + z z Q
2.









dz zz PO(~k1; ~k2; ~k3)
1
3
I=0(z; ; m22) (23)
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The value of the strong coupling constant g in the hard block is assumed to correspond








In order to estimate the theoretical error we vary the value of QCD = 0:2 − 0:35 GeV.
This does not lead to any dramatic change in the magnitude of the asymmetry.
Finally we have to x the soft parts of our amplitudes, i.e. the proton impact factors.
They cannot be calculated within perturbation theory. In our estimates we will use
phenomenological, eikonal models of these impact factors proposed in Refs. [21] and [22].
We take
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(~k1 − ~k2)2 + (~k2 − ~k3)2 + (~k3 − ~k1)2
] (27)
and A = mρ
2
.
In these formula, we have denoted the QCD-coupling constant as g. While it is
natural to take Q2 as the scale of the strong coupling constant in the upper impact
factor, a typical hadronic scale M2 is better suited for the lower one. The value of the
coupling constant g = g(M2) is one of the main sources of theoretical uncertainties of
our numerical results.
In the original Refs. [21, 22] it was assumed that soft =
g¯2
4
 1. In view of the results
of the recent studies [11], it seems that this value is too large for a correct description
of the pp dierential cross-section in the region of the dip, and one should rather take
soft = 0:3−0:7. In order to visualize this rather large uncertainty we present our results
with an error band corresponding to this interval of soft. We also want to emphasize
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Figure 3: Charge asymmetry given by Eq. (28) for a minimal f0 width, with an error band
showing the uncertainty comming from different values of αsoft and ΛQCD.
that an increase of the value of soft to soft  1 raises our predictions for the asymmetry
by a factor  1:3.
6. Let us now present our estimates of the charge asymmetry. We dene the
forward - backward asymmetry as
A(Q2; t; m22) =
∫
cos  d(s; Q2; t; m22; )∫





















which may be rewritten as






















We checked that the squared Odderon contribution in the denominator can be ne-
glected, so that the asymmetry is practically a measure of the ratio of the Odderon and
the Pomeron amplitudes.
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Figure 4: Same as Fig. 3 but for maximal f0 width.
There is no s−dependence in our framework, within the approximation which we
make, provided s is large enough for the usual high energy approximation to hold. The
charge asymmetry is plotted in Figs. 3 and 4 as a function of the two pion invariant
mass m2. The main characteristic is the high numerical value that we get for values of
m2 around the f0 mass. This is in strong contrast to the result obtained in a completely
dierent framework by the authors of Ref. [14]. The characterisic m2 dependence in
Fig. 3 and Fig. 4 is completely understood in terms of the  phase shifts and the factor
sin(0−1). The phase dierence vanishes for m2  0:75 GeV and m2  1 GeV resulting
in two zeros of the charge asymmetry. The magnitude of the asymmetry depends much
on the width of the f0 meson which is estimated to be 50− 100 MeV. The curve shown
in the Fig. 3 and in the Fig. 4 are obtained with the extreme values of this width.
The d−wave contribution is rather small and negative, as can be seen on Fig. 5. The
reason for the smallness of the f2-meson contribution is the presence of the Legendre
polynomial P2 in the distribution amplitude (14) which changes sign within the integra-
tion region over  . This is also quite dierent in comparison to the results of Ref. [14].
In Fig. 5 we show also the Q2 dependence of the asymmetry which turns out to be rather
moderate.
The t dependence of the asymmetry, which is plotted in Fig. 6, is quite interesting
since it has a characteristic zero around t = −0:1 GeV2. This zero in the odderon
amplitude has already been discussed in Ref. [9]. The practical outcome of this t-
dependence is a warning concerning the analysis of future data : Do not integrate over
momentum transfer! If an integration over (−t) is needed to improve statistics, choose
−t  0:1 GeV2 as a lower integration limit.
7. Let us now comment on the possible theoretical uncertainties of our calculations.
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Figure 5: m2-dependence of the asymmetry for t = −.8 GeV2 and for different values of Q2:
1 GeV2 (dashed line), 3 GeV2 (dotted line), 10 GeV2 (solid line); the d−wave contribution at
Q2 = 3 GeV2 is shown with a dense dotted line; the f0 width has been taken to be 75 MeV.
 Higher twist contributions and corrections to the calculated expressions of order
m22=Q
2 or t=Q2 may well be non negligible. An estimate of these corrections is
certainly desirable but clearly out of the scope of the present paper.
 QCD evolution a la BFKL and ln(s=2QCD) corrections may be calculated for the
Pomeron and Odderon exchanges as well as the ln(Q2=2QCD) corrections for the
generalized distribution amplitudes. We expect that they do not have drastic eects
on ratios such as the charge asymmetry which we have calculated. This may be
controlled in the future.
 The exact values of the scales of the coupling constants should be determined by the
presently unknown higher order corrections in the hard and soft parts, respectively.
It is interesting that in the case of the dominance of Abelian contributions to
radiative corrections, the coupling renormalization would be reduced, by use of the
Ward identities, to bubble insertions into the gluon line, so that the scales would
be common for the hard and soft parts and determined by the gluon o-shellness.
Due to the integration over the gluon momenta the latter should be averaged to
some intermediate value between Q2 and M2, so that the above naive estimate may
still be valid.
 The  distribution amplitude is a non perturbative object which we certainly do
not exactly know. Although its phase is theoretically under control in the lower
mass range, its magnitude and its z− and − dependence may be quite dierent
from the simple ansatz that we have adopted. Let us stress however that parts of
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Figure 6: t-dependence of the asymmetry for Q2 = 3 GeV2 and m2 = 0.95 GeV; the f0 width
has been taken to be 75 MeV.
this uncertainty can be resolved by other experiments, namely two pion production
in eγ collisions [18] and in ep collisions at medium energies [23] sensitive to the
C-even and C-odd components of GDA.
Let us now briefly indicate possible future studies closely related to the approach that
we have developed.
 Single spin asymmetries should show up in the same reaction. Longitudinally po-
larized electron beams are providing circularly polarized virtual photons. In turn,
they give rise to single spin azimuthal asymmetries, similar to those appearing in
the γγ production of pion pairs [18] and triplets [24]. The expression for the asym-
metry is similar to the one for the charge asymmetry with the notable dierence
that the imaginary, instead of real part of the relevant product of amplitudes ap-
pears in the numerator of the analog of Eq.28. The consequence is that, in the
case of the Pomeron-Odderon interference, whose amplitudes are mostly imaginary
and real, respectively, there appears a factor cos(0 − 1) instead of sin(0 − 1),
which leads to a completely dierent m2 dependence. Note that in the case of the
calculations of the single spin asymmetry one hast to take into account transverse
polarizations of a photon.
 Charge asymmetries can also be studied in the interesting case of γγ scattering
which may be measured at e+e− colliders. A specic feature of this case is that
both impact factors are calculable within perturbative QCD.
8. In conclusion, let us stress that we have demonstrated that the understanding of
diractive processes within perturbative QCD is bound to the discovery of sizable charge
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asymmetries in electroproduction of two charged mesons. Data on this reaction in the
kinematical domain suitable for our calculation (i.e. large s, small t, Q2 above 1 GeV2
and m2 below 1:5 GeV) should be easy to get and analyze by the experimental set-ups
H1 [10] and ZEUS [25] at HERA. We are eagerly waiting for this confrontation of theory
with data, which should lead us towards the discovery of the Odderon.
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